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Introduction
Protease inhibitors (PIs) were initially introduced in the mid-1990s 

and when used in combination with nucleoside reverse transcriptase 
inhibitors (NRTI), ushered in the era of highly active antiretroviral 
therapy (HAART). These agents dramatically altered the treatment of 
HIV infection, enabling suppression of viral replication to undetectable 
levels and significantly impacting disease progression and mortality. 
However, HIV-1 drug resistance has been observed with all the PIs 
and the genetic basis of resistance has been well described [1]. The 
accumulation of multiple mutations is often required to produce PI 
resistance and there is variability of resistance patterns within the PI 
class. Some PIs require fewer mutations to confer resistance compared 
with others. In addition, the development of broad cross-resistance to 
multiple agents in this class presents a challenge in clinical practice. 

PIs act by preventing the HIV protease enzyme from cleaving the 
gag protein, an essential step in the viral maturation process. PIs do this 
by binding to the active site or pocket of the protease enzyme rendering 
it unable to cleave the gag protein precursors into smaller viral proteins 
(Figure 1). PI resistance is usually associated with the development of 

primary or secondary mutations in the protease gene and can also be 
due to mutations occurring outside of protease in the gag cleavage and 
non-cleavage sites. Primary mutations typically occur in the active site 
of the protease enzyme and may be sufficient to confer resistance to 
select PIs. Secondary mutations can enhance resistance to PIs or may 
be compensatory, restoring activity of the viral protease and increasing 
viral replicative capacity. The accumulation of multiple mutations alters 
the protease binding pocket and leads to increasing and broadened 
PI resistance. Specific resistance mutations have been identified with 
each of the individual PIs. Strategies to limit PI cross-resistance and to 
manage its occurrence include pharmacokinetic boosting to produce 
high PI drug concentrations resulting in a strong barrier against viral 
resistance, the use of second generation PIs including, atazanavir, 
darunavir, fosamprenavir, lopinavir, and tipranavir, and exploiting the 
occurrence of HIV-1 hypersusceptibility to certain agents in this class.

Goals of antiretroviral therapy (ART) are to achieve sustained 
virologic suppression, reduce HIV/AIDS-related complications, and 
improve quality of life for those individuals living with HIV [2,3]. The 
initial widespread use of PIs as a component of HAART was associated 
with a marked reduction in AIDS related complications and death 
[4-6]. Guidelines for treatment of HIV issued by the US Department 
of Health and Human Services (DHHS) and the International AIDS 
Society (IAS)-USA Panel include PI-based antiretroviral regimens as 
recommended or alternative treatment options [2,3]. For treatment 
experienced patients failing therapy, these guidelines also recommend 
boosted PI containing regimens.

Compared to the other antiretroviral classes, PIs generally present 
a high genetic barrier against viral resistance and may remain active 
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Figure 1:  HIV-1 protease enzyme with the protease inhibitor tipranavir binding the active site.  Amino acid changes associated with tipranavir resistance noted in the backbone of the protease 
enzyme [52]. 

K43T

154A/M/V
E35G M36I

Q58EV82L/T

147VM46L

N83D
T74P

K20M/R/V

I13V L10V

H69K

L33F

184V

Figure 1:  HIV-1 protease enzyme with the protease inhibitor tipranavir binding 
the active site.  Amino acid changes associated with tipranavir resistance noted 
in the backbone of the protease enzyme [52].
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agents even in the presence of one or more protease mutations [7-12]. 
Single mutations alone are usually not sufficient to significantly reduce 
susceptibility for most PIs. Typically, the accumulation of multiple 
mutations is required to confer resistance to these agents. Most PIs are 
currently used with either ritonavir or cobicistat for pharmacologic 
boosting which can often overcome low-level PI resistance.

Non-adherence to PI based regimens has been associated with the 
risk of developing protease resistance [13]. Those individuals with a 
high level of adherence to PI based regimens are less likely to fail therapy 
with drug resistant HIV strains. In contrast, those patients who have 
difficulty with adherence to prior PI based regimens have an increased 
risk of resistance and virologic failure to other drugs in the PI class 
[14]. Of note, pharmacokinetic boosting of PIs allows patients with less 
than 100% adherence to have a significantly reduced risk of developing 
resistance compared to those receiving unboosted PI regimens [15,16]. 

Many studies have described the prevalence of transmitted drug 
resistance in treatment-naïve patients, which varies by geographic 
region [17-20]. It is currently recommended that resistance testing 
be performed before initiating ART in the setting of either acute or 
chronic infection [2,3]. If transmitted drug resistance is detected in a 
treatment-naïve individual this has implications for selection of the 
initial antiretroviral regimen, as three fully active agents should be 
prescribed for first-line therapy. Transmitted drug resistance may also 
increase the risk of virologic failure in subsequent regimens and impact 
future treatment options [7,10,21,22]. Fortunately, in most regions 
of the world the prevalence of transmitted drug resistance to PIs has 
been low compared to NRTIs and non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) [23]. 

The Genetics of PI Resistance
To optimally use PI agents as an effective component of ART, it is 

important to understand the origins and mechanisms of PI resistance. 
Mutations conferring resistance to PIs may occur in different regions of 
the protease gene [8,10,24-29]. These regions include areas within the 
active site where the PI binds to the protease enzyme, as well as residues 
outside the active site. Mutations can also occur in the gag cleavage sites 
and non-cleavage sites which are areas entirely outside of the protease 
gene domain. Mutations occurring within the active binding site of 
protease result in conformational changes which disrupts PI binding to 
the enzyme [8,24]. These mutations in the protease binding site are termed 
primary or major protease mutations and have the greatest impact on PI 
susceptibility. Primary mutations, which typically occur in the protease 
enzyme pocket, disrupt hydrogen bonding between the PI molecule and 
the active site amino acid residues (Figure 1). These mutations prevent 
PI binding allowing the protease enzyme to continue to cleave the gag 
precursor polyproteins and thereby complete the viral lifecycle. 

In contrast, mutations involving amino acid residues occurring 
outside of the active binding site are referred to as secondary or minor 
mutations [8,24]. Secondary mutations alone do not usually cause 
decreased susceptibility to PIs. Instead, secondary mutations typically 
occur following the development of primary protease mutations and 
enhance the degree of PI resistance. Occasionally, the accumulation 
of multiple secondary mutations may result in reduced susceptibility 
to some PIs. Secondary mutations are usually compensatory, restoring 
protease enzyme activity or reversing viral fitness defects produced 
by primary mutations [8]. Secondary mutations often involve amino 
acid substitutions at positions associated with naturally occurring 
polymorphisms, such as 36 and 71 of protease [8,24]. 

Mutations occurring outside of the protease gene can also contribute 
to the development of PI resistance. Viral evolution of mutations and 
insertions at the gag cleavage sites and non-cleavage sites occurring after 
exposure to PIs has been well described. These mutations are associated 
with the restoration of protease enzyme activity and viral replicative 
capacity that is typically compromised in multi-PI-resistant variants 
[8,10,30-34]. Gag cleavage site mutations typically occur along with 
primary and secondary protease mutations, but have been reported 
to occasionally be the sole mechanism responsible for resistance to 
PIs in the absence of any protease mutations [35]. Mutations in gag 
cleavage and non-cleavage sites lie completely outside of the protease 
gene region, representing changes in the polyprotein substrate upon 
which the protease enzyme acts. It is noteworthy that PIs are the only 
antiretroviral drug class for which resistance-associated amino acid 
substitutions have been identified which are external to the targeted 
enzyme or protein [36]. Although the gag cleavage and non-cleavage 
site mutations represent another mechanism of PI resistance and as they 
occur outside of the protease region, they are not generally detected on 
standard HIV genotypic resistance testing.

Resistance to specific PIs

The understanding of HIV drug resistance has evolved over time 
and continues to change as new findings emerge. It is important for 
HIV providers to stay current with the latest findings on primary 
and secondary protease mutations associated with specific agents to 
optimize regimen selection in individual patients. Specific protease 
mutational patterns associated with resistance to individual PIs are 
listed in Table 1. 

The L90M mutation is observed during treatment failure involving a 
number of PIs, but historically has been commonly selected by exposure 
to saquinavir. Reduced susceptibility to saquinavir is less frequently 
associated with the G48V mutation, which confers high-level (10-
fold) resistance to this agent. There are multiple secondary mutations 
associated with saquinavir, including L10I/R/V, L24I, I54V/L, A71V/T, 

Drug Primary resistance mutations  Secondary resistance mutations
Atazanavir +/- ritonavir I50L, I84V, N88S L10I/F/V/C, G16E, K20R/M/I/T/V, L24I, V32I, L33I/F/V, E34Q, M36I/L/V, M46I/L, G48V, F53L/Y, I54L/V/M/

T/A, D60E, I62V, I64L/M/V, A71V/I/T/L, G73C/S/T/A, V82A/T/F/I, I85V, L90M, I93L/M
Darunavir/ritonavir I47V, I50V, I54M/L, L76V, I84V V11I, V32I, L33F, T74P, L89V
Fosamprenavir/ritonavir I50V, I84V L10F/I/R/V, V321, M46I/L, I47V, I54L/V/M, G73S, L76V, V82A/F/S/T, L90M
Indinavir/ritonavir M46I/L, V82A/F/T, I84V L10I/R/V, K20M/R, L24I, V32I, M36I, I54V, A71V/T, G73S/A, L76V, V77I, L90M
Lopinavir/ritonavir V32I, I47V/A, L76V, V82A/F/T/S L10F/I/R/V, K20M/R, L24I, L33F, M46I/L, I50V, F53L, I54V/L/A/M/T/S, L63P, A71V/T, G73S, I84V, L90M
Nelfinavir D30N, L90M L10F/I, M36I, M46I/L, A71V/T, V77I, V82A/F/T/S, I84V, N88D/S
Ritonavir V82A/F/T/S, I84V L10F/I/R/V, K20M/R, V32I, L33F, M36I, M46I/L, I50V, I54V/L, A71V/T, V77I, L90M
Saquinavir/ritonavir G48V, L90M L10I/R/V, L24I, I54V/L, I62V, A71V/T, G73S, V77I, V82A/F/T/S, I84V
Tipranavir/ritonavir I47V, Q58E, T74P V82L/T, N83D, 84V L10V, L33F, M36I/L/V, K43T, M46L, I54A/M/V, H69K/R, L89I/M/V

Table 1: Mutations in the protease gene associated with resistance to protease inhibitors [24,70,71]. 
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I62V, G73S, V77I, V82A/F/T/S and I84V. The V82A mutation has 
also been reported in patients failing saquinavir-containing regimens 
following the emergence of the G48V mutation [8]. In contrast to 
other PIs, saquinavir exposure has not been associated with mutations 
at position 46 of protease, a common site for primary and secondary 
mutations with these agents [8,12,28,37-39]. 

The V82A/F/T mutation is frequently selected in individuals 
failing therapy on indinavir and ritonavir. This mutation alone may 
be sufficient to result in phenotypic resistance to both agents. When 
present with other primary and secondary PI resistance mutations, the 
V82A/F/T mutation contributes to resistance to many of the other PIs, 
including lopinavir/ritonavir, atazanavir, fosamprenavir, nelfinavir, and 
saquinavir [8]. Primary mutations associated with indinavir resistance 
include M46I/L, V82A/F/T, and I84V [24]. Ritonavir was used as a 
single PI after initial FDA approval and resistance patterns with this 
agent are similar to those associated with indinavir resistance. Ritonavir 
is currently used as a pharmacologic booster of other PIs which has 
greatly reduced the emergence of mutations selecting for resistance to 
those PIs as well as to ritonavir [15,16]. In fact, with boosted PI regimens 
it is unusual to detect PI resistance mutations in patients experiencing 
early first regimen failure.

Patients failing on nelfinavir-based regimens generally demonstrate 
one of two resistance pathways [24,40]. The most common is the D30N 
mutation, which is the primary mutation associated with nelfinavir 
failure and is not associated with resistance to the other PIs. Less 
commonly nelfinavir resistance occurs via the L90M pathway which 
may be associated with cross-resistance to other PIs. In contrast, the 
D30N mutation is associated with impaired viral fitness, and may 
confer enhanced susceptibility to other PIs [40]. 

The primary protease mutations associated with resistance to 
fosamprenavir are I50V (most common) and I84V [24]. In the NEAT 
trial, continued treatment with unboosted fosamprenavir in a patient 
with virologic failure was associated with the development of the I50V 
mutation [41,42]. Little to no cross-resistance to other PIs was observed 
in association with fosamprenavir resistance in this study. In the SOLO 
trial, ritonavir-boosted fosamprenavir was not associated with the 
emergence of fosamprenavir resistance mutations [15,41]. Among 
patients with virologic failure in this study, reduced susceptibility to 
fosamprenavir was not seen. However, fosamprenavir resistance may 
occur with prolonged drug exposure in the presence of virologic failure. 
The mutations most closely associated with fosamprenavir resistance 
are listed in Table 1.

Reduced susceptibility to lopinavir/ritonavir is typically associated 
with multiple primary and secondary protease mutations (Table 1) 
[16]. The presence of six of these mutations is associated with reduced 
virologic response to lopinavir/ritonavir, and accumulation of seven or 
eight mutations usually results in full resistance to this combination [24]. 
The inhibitory quotient, which integrates drug exposure and genotypic 
resistance, has been found to be a better predictor of response to 
lopinavir/ritonavir in highly treatment-experienced patients compared 
to genotypic or pharmacologic measures alone [43]. Substitutions at 
positions 46, 54 and 82 of protease are important in the development 
of high-level resistance to lopinavir and have been frequently observed 
in patients failing on this agent [37]. The I50V, which is considered 
a secondary mutation, can also contribute to lopinavir/ritonavir 
resistance [41,44]. Although resistance to lopinavir has been associated 
with development of multiple protease mutations, there is evidence 
that specific mutations, particularly I47A, can result in high level 
resistance [24,45,46]. The I47A mutation usually occurs with the V32I 

mutation and produces high level resistance to lopinavir/ritonavir. In 
addition, the L76V in combination with three other protease mutations 
substantially reduces susceptibility to lopinavir/ritonavir [24]. 

Resistance to atazanavir is associated with the I50L (most 
commonly), I84V, and N88S primary mutations [24]. In patients 
receiving unboosted atazanavir in an initial antiretroviral regimen, 
the I50L mutation has been identified as the signature mutation 
with this agent [47,48]. Pooled data from three trials with unboosted 
atazanavir-containing regimens as initial therapy in treatment naïve 
patients revealed that in those failing therapy, 15-48% had the I50L 
mutation [47,48]. Interestingly, isolates containing the I50L mutation 
had atazanavir-specific resistance but they also demonstrated enhanced 
susceptibility to other PIs [38,49]. A case report of an isolate with 
the N88S mutation noted high-level resistance to atazanavir with 
low replicative capacity in an antiretroviral-naïve patient who had 
no other primary protease mutations present [50]. An analysis from 
the Monogram database of isolates that contained only the N88S 
mutation found cross-resistance to atazanavir, nelfinavir and indinavir 
and hypersusceptibility to amprenavir. In extensively PI experienced 
patients receiving an atazanavir-containing regimen who develop 
atazanavir resistance, the I84V, L90M, A71V/T, N88S/D and M46I 
protease mutations are most typically seen [47,49]. Of note, higher 
atazanavir levels associated with pharmacokinetic boosting increases 
the number of PI mutations required for loss of activity [24]. 

Tipranavir and darunavir usually have activity to HIV-1 exhibiting 
resistance to the other PIs. For both agents, numerous mutations are 
usually necessary to confer resistance. The understanding of tipranavir 
resistance has evolved over time. In vitro, tipranavir was found to 
suppress viral replication of laboratory variants and clinical isolates with 
high-level resistance to multiple PIs [51]. Initial work analyzing data 
from treatment-experienced patients showed that multiple tipranavir 
associated mutations were required for reduced response to tipranavir/
ritonavir. These included L10V, I13V, K20M/R/V, E33G, M36I, K43T, 
M46L, I47V, I54A/M/V, Q58E, H69K, T74P and N83D, and I84V; also 
referred to as the tipranavir score mutations [52]. Regression analysis 
from phase III trials of tipranavir/ritonavir in treatment-experienced 
patients revealed that each point (representing one of these mutations) 
in the tipranavir score was associated with a 0.16 log copies/ml lower 
virologic response to tipranavir at week 24 of treatment [52,53]. 
Subsequent validated analyses of clinical trials data allowed for a refined 
“weighted” mutation score to be developed [54]. Assigned weights of 
the new score were T74P, V82L/T, N83D and I47V (+4), Q58E and 
I84V (+3), M36I, K43T and I54A/M/V (+2), L10V, E33F and M46L 
(+1), L24I and L76V (-2), I50L/V (-4), and I54L (-6). Positive weighted 
mutations are associated with reduced susceptibility and negative 
score mutations are associated with enhanced activity with tipranavir/
ritonavir [54,55]. Sum scores of ≤ 3 are defined as susceptible, scores >3 
and ≤ 10 partially susceptible, and ≥ 11 resistant. 

Darunavir, which was initially approved for use in treatment-
experienced patients, has activity against both laboratory and clinical 
isolates with high-level resistance to multiple PIs including nelfinavir, 
indinavir, ritonavir, amprenavir, saquinavir and lopinavir [56]. 
Analyses of pooled baseline and on-treatment resistance data from 
Phase III clinical trials has enhanced our understanding of boosted 
darunavir activity in patients with prior PI exposure [57]. In these 
studies, patients with a history of PI, NNRTI and NRTI experience, at 
least one primary PI mutation, and documented virologic failure were 
randomized to either boosted darunavir or an investigator-selected 
control protease inhibitor, along with an optimized background 
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regimen. Reduced response to darunavir was associated with eleven 
mutations: V11I, V32I, L33F, I47V, I50V, I54L, I54M, T74P, L76V, 
I84V, and L89V. The presence of two or more of these mutations was 
associated with a decreased virologic response to darunavir/ritonavir. 
Subsequent analyses showed that in patients not taking enfuvirtide de 
novo, the proportion achieving an HIV-1 RNA viral load <50 copies/
ml at 96 weeks was 59%, 29%, and 12% when the baseline genotype 
had 0-1, 2, and ≥ 3 of these darunavir associated mutations. As shown 
in Table 1, six of the darunavir associated mutations are considered 
primary mutations and are associated with the greatest reduction 
in susceptibility. Of note, one of these primary mutations affecting 
response to darunavir/ritonavir is I50V, which is also associated 
with fosamprenavir resistance. Furthermore, the negative impact of 
mutations I47V, I54M, T74P, and I84V and a positive impact of V82A 
on virologic response to darunavir/ritonavir has been demonstrated 
in two independent data sets [58,59]. A recent retrospective study 
was conducted of 880 treatment experienced adult patients initiating 
a darunavir containing antiretroviral salvage regimen after having 
previously failed PIs. Patients were selected and data was collected from 
large European databases of HIV infected patients. The association of 
mutations with week 8 HIV RNA change from baseline was analyzed. 
The mutations L10F, V11L, I54M, T74P, and V82I were found to 
negatively impact viral load change, while the mutations K20T, E34D, 
I64L, V82A, I85V, and I93L had a positive impact on viral load response. 
The authors point out that established darunavir associated mutations 
(such as the primary mutations I47V, I50V, L76V, and I84V) were likely 
not found to be associated with a decreased response in this particular 
study because patients with evidence of those mutations would likely 
not have been started on a darunavir containing salvage regimen [60].

Cross-resistance
Cross-resistance between PIs has been a challenging problem in 

clinical practice [9,10,61]. Even though boosted PIs generally maintain 
a high genetic barrier against viral resistance, the evolution of protease 
resistance over time may still occur with continued drug exposure, and 
can result in reduced response to other PI-based regimens.

The accumulation of protease resistance mutations does not occur 
in a random fashion. Rather, these mutations accrue based on pathways 
associated with specific drug exposure [9,10,61]. Experiments involving 
in vitro serial passage of laboratory HIV-1 strains in the presence 
of individual PIs demonstrate that protease resistance mutations 
accumulate in a sequential pattern unique to each particular drug. As 
amino acid substitutions in protease accumulate, the likelihood that 
these mutations will affect response to multiple agents within the PI 
class also increases. This phenomenon produces overlapping genotypic 
resistance patterns seen with different PIs and ultimately results in 
broad phenotypic cross-resistance.

The original genetic background of the infecting virus and the 
preexistence of polymorphisms in antiretroviral-naïve patients may 
also be important determinants of resistance to individual PIs as well 
as cross-resistance to other agents in this class [9,10]. Polymorphisms 
described in some treatment-naïve patients may lower the genetic 
barrier to PI resistance. For example, the M36I substitution when 
present prior to the initiation of ART, may predispose patients to the 
development of the L90M mutation once a PI containing regimen is 
begun.

Patients who experience virologic failure on a second PI may 
have mutational imprinting, in which the evolution of viral resistance 
mutations reflects exposure to the initial PI [60]. A study of 153 patients 

failing ART found that those patients who were on their second PI-
based regimen often had signature mutations that were associated with 
their first PI-based regimen. This is likely due to the already mutated 
virus evolving additional resistance in a background of mutations 
reflective of the PI initially prescribed. 

The degree to which PI cross-resistance is present in a population 
of HIV-infected individuals was shown in a study of matched genotypic 
and phenotypic resistance testing of >6,000 clinical HIV isolates 
[9,10,62]. Genotypic and phenotypic analysis demonstrated that 59% to 
80% of the isolates that had decreased susceptibility to one PI exhibited 
cross-resistance to at least one other PI. 

Because of the significant challenge posed by PI cross-resistance 
and its impact on therapeutic options, treatment strategies should 
reduce the opportunity for development of broad cross-resistance and 
manage it effectively when it occurs. Pharmacokinetic boosting to 
maintain a strong pharmacologic barrier against viral resistance and 
the use of PIs active against resistant strains can limit the likelihood of 
cross-resistance [10-12]. 

In HIV isolates that exhibit multiple protease mutations, prediction 
of cross resistance may be difficult using genotypic testing alone. 
Currently, for isolates with complex drug-resistance mutation patterns, 
particularly with PI resistance, it is recommended that phenotypic 
testing also be performed [3]. Phenotypic susceptibility testing can 
help define the extent of PI cross-resistance, determine which PIs 
remain active, and detect HIV hypersusceptibility to specific agents. 
A standard phenotype assay is a direct measure of drug susceptibility 
and requires growth of recombinant virus in cell culture. In contrast, 
the vircoTYPE or “virtual phenotype” was based on a genotype assay 
with interpretation of drug susceptibility that relied on a large matched 
genotype-phenotype database. The VircoTYPE assay is no longer 
commercially available as it was discontinued by Janssen Diagnostics 
in December, 2013. 

Hypersusceptibility
Some protease mutations have been associated with increased 

viral susceptibility to other PIs rather than resulting in cross-resistance 
[9,10,12]. Hypersusceptibility is detected with phenotypic resistance 
assays and occurs when an HIV isolate exhibits a reduced fold change 
(FC=IC50 of a clinical isolate/IC50 of a susceptible control laboratory 
strain) compared to the biologic average FC for susceptible “wild-type” 
viruses. Wild-type susceptible HIV strains would typically have a FC 
of 1 for a particular protease inhibitor, while an isolate having a FC 
<0.5 would generally be considered hypersusceptible. Although there 
is limited clinical data, it appears that hypersusceptibility is associated 
with enhanced drug activity and can be considered in the selection 
of protease inhibitors for “salvage” or “rescue” regimens in treatment 
experienced patients failing therapy. 

In vitro studies have demonstrated that the N88S protease mutation 
is associated with hypersusceptibility to amprenavir [63]. Clinical 
samples from 20 patients failing virologically on a regimen containing 
nelfinavir or indinavir showed increased susceptibility to amprenavir; 
this finding was strongly associated with the N88S mutation. Another 
study using amprenavir/ritonavir in patients failing prior PI-based 
therapy showed that amprenavir hypersusceptibility (defined as a 
FC<0.66) was associated with increased odds of achieving virologic 
suppression [64]. 

Hypersusceptibility to tipranavir has been demonstrated in clinical 
samples that are highly resistant to other PIs [54,55]. As described 
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above, the mutations L24I, L76V, I50L/V, and I54L are associated 
with enhanced susceptibility and improved activity with tipranavir/
ritonavir. An analysis from the Phase III RESIST trials found that 
hypersusceptibility to tipranavir (FC<0.5) was associated with a more 
durable virologic response to tipranavir/ritonavir [55]. Of interest, 
some of these hypersusceptibility mutations for tipranavir represent 
primary resistance mutations for other protease inhibitors (ex. I50V, 
I54L, and L76V for darunavir). The L76V mutation has been associated 
with resistance to lopinavir, fosamprenavir, indinavir, and darunavir 
but appears to enhance susceptibility to tipranavir, atazanavir, and 
saquinavir due to differences in the hydrophobic binding of these 
agents in the S2 pocket of the protease enzyme.

The I50L mutation, which is uniquely associated with atazanavir 
resistance, has been demonstrated to produce hypersusceptibility to 
amprenavir, indinavir, lopinavir, nelfinavir, ritonavir and saquinavir 
[12,48]. Furthermore, isolates that were originally resistant to multiple 
PIs had increased susceptibility to these agents following treatment 
with atazanavir and emergence of the I50L mutation [65].

A study evaluating patients who initiated a darunavir containing 
antiretroviral regimen after having previously failed PIs found the 
mutations K20T, E34D, I64L, V82A, I85V and I93L to be correlated 
with improved rates of virologic response at 8 weeks [60]. The I64L, 
I85V, and I93L mutations are secondary mutations affecting atazanavir. 
The V82A mutation is a primary mutation for indinavir/ritonavir and 
lopinavir/ritonavir, and a secondary mutation for a number of PIs 
including atazanavir, fosamprenavir, nelfinavir, and saquinavir [24]. It 
has previously been shown to increase susceptibility to darunavir [58,59].

When choosing subsequent PI-based regimens in treatment-
experienced patients, clinicians should consider the opportunities 
hypersusceptibility may offer and its implications for regimen 
selection. Although the predicted effects of mutations associated 
with hypersusceptibility to a particular PI can be incorporated into 
genotypic interpretative algorithms, it is best to confirm the presence 
of hypersusceptibility with a phenotypic resistance assay. Furthermore, 
in salvage therapy it is preferable to use three fully active agents in the 
new regimen to achieve virologic suppression, decrease evolution of 
resistant virus, and preserve future treatment options [3]. 

Multi-PI Resistance 
As primary and secondary mutations associated with resistance to 

agents within the PI class accumulate, susceptibility to the majority of 
available PIs will often decrease [24]. Certain mutations are associated 
with broad resistance to the PI class. For example, the I84V mutation 
is associated with resistance to all the currently available protease 
inhibitors, although it is considered a primary mutation for some 
agents but not others (Table 1) [24]. One analysis found that the most 
frequent mutations identified in multi-PI resistant isolates were at 
positions 10, 54, 71, 77, 82, 84, and 90 [62]. A study of HIV isolates in 
patients failing PI-based regimens found that broad PI resistance was 
more commonly observed in those with exposure to multiple prior PIs 
[66]. Of those isolates with resistance to all first generation PIs, 53% 
remained susceptible to either darunavir or tipranavir, while overall 
5% of isolates exhibited broad resistance to all PIs. Multi-PI resistant 
viruses may also have mutations in the gag protease cleavage sites (the 
protease substrates), which may further enhance phenotypic resistance 
and increase viral fitness. In viruses that exhibit broad PI resistance 
with complex mutational patterns detected by genotypic testing, it is 
optimal to also obtain a phenotype to determine the extent of multi-PI 
resistance and to potentially identify residual PI drug activity.

Selection of Protease Inhibitor Therapy
The selection of the initial antiretroviral regimen provides the 

greatest chance for long-term success in optimally suppressing viral 
replication [67]. The most important factors in selecting the initial 
PI-based regimen include high potency and durability, favorable 
pharmacokinetics, good tolerability, a beneficial safety profile, and low 
potential for cross-resistance [12]. According to the DHHS guidelines 
panel, the preferred PI for initial therapy in adults and adolescents 
is ritonavir-boosted darunavir [3]. Favorable tolerability, safety and 
convenience with the initial regimen may also help promote a high level 
of adherence with treatment. Fortunately, initial therapy with boosted 
PIs is usually not associated with protease resistance at the time of first 
virologic failure given the potency and relatively high genetic barrier to 
resistance with these agents. 

Selection of PIs in treatment-experienced patients should be based 
on genotypic and possibly phenotypic analyses of clinical isolates after 
virologic failure has been confirmed [18]. Resistance testing is a useful 
tool for identifying the agent in a current regimen to which the virus 
has developed resistance or reduced susceptibility, which may allow 
for the replacement of only that drug rather than the switching of the 
entire regimen. It is important when using a new PI in salvage or rescue 
therapy, that it is used with two other fully active agents identified by 
resistance testing. Typically, in treatment-experienced patients with PI 
resistance, the most active drugs are darunavir and tipranavir. 

Another consideration in interpreting results from resistance testing 
is the possibility of viral reversion to wild type [9,10,68]. This occurs 
when ART is discontinued and selective drug pressure is removed. As a 
consequence, the major HIV-1 population in a particular patient shifts 
from predominantly drug resistant variants to wild type susceptible 
virus. Reversion to wild type is most commonly due to outgrowth of 
more replication-competent virus from the pool of latently infected T 
cells or it may occasionally result from a new amino acid substitution in 
the predominant replicating virus to produce a variant with improved 
fitness [9,10]. For this reason, it is optimal to perform resistance testing 
while the patient is on a failing regimen, as this will maximize the 
detection of resistance mutations and more accurately assess the extent 
of resistance to the current drug regimen.

In some individuals with multi-drug resistant (MDR) HIV, 
exhibiting broad resistance to multiple classes, effective options may 
be exhausted for these patients and their viral loads remain detectable 
on failing regimens. Treatment interruptions in patients with MDR 
virus are associated with elevations in viral load, rapid decline in CD4 
T-cell counts, and disease progression [68,69]. In the setting of highly 
drug resistant HIV it is best to continue partially suppressive therapy, 
potentially including a PI to maintain drug resistance mutations 
associated with reduced viral fitness, as the only viable strategy to 
preserve immune function until new active agents become available. 

Conclusion
PIs represent a potent class of antiretrovirals which have contributed 

to the success of HAART. Resistance has been well characterized for all 
available PIs and is associated with the accumulation of both primary 
and secondary mutations (Table 1). Given the high genetic barrier to 
resistance for most of these agents, multiple PI mutations are usually 
required to produce phenotypic drug resistance. Signature mutations 
associated with a particular PI may result in cross-resistance with 
other agents in the class or may be associated with hypersusceptibility. 
Patients with exposure to multiple PIs are more likely to have broadly 
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PI resistant viruses, however, second generation PIs may retain activity 
against these strains. 

For first regimen failure, genotypic testing is usually adequate to 
detect the presence of drug resistance. For subsequent regimen failure 
with viral isolates exhibiting complex PI drug-resistance mutation 
patterns, it is recommended that phenotypic resistance testing also 
be performed to better define the extent of protease inhibitor cross-
resistance, determine residual drug activity, and potentially detect 
hypersusceptibility. Strategies to prevent PI cross-resistance and 
to manage its occurrence involve pharmacokinetic boosting with 
either ritonavir or cobicistat to maintain a strong barrier against viral 
resistance, application of knowledge derived from drug resistance 
testing, and use of potent active agents in combination to maintain 
durable virologic suppression.
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